The importance of extracellular speciation and corrosion of copper nanoparticles on lung cell membrane integrity  by Hedberg, Jonas et al.
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a  b  s  t  r  a  c  t
Copper  nanoparticles  (Cu  NPs)  are  increasingly  used  in  various  biologically  relevant  applications  and
products,  e.g.,  due  to  their  antimicrobial  and  catalytic  properties.  This  inevitably  demands  for  an  improved
understanding  on  their  interactions  and  potential  toxic  effects  on  humans.  The aim of this  study  was
to  investigate  the  corrosion  of copper  nanoparticles  in  various  biological  media  and  to elucidate  the
speciation  of  released  copper  in  solution.  Furthermore,  reactive  oxygen  species  (ROS)  generation  and
lung  cell  (A549  type II) membrane  damage  induced  by  Cu  NPs  in the  various  media  were  studied.  The
used  biological  media  of different  complexity  are  of  relevance  for nanotoxicological  studies:  Dulbecco’s
modiﬁed  eagle  medium  (DMEM),  DMEM+ (includes  fetal  bovine  serum),  phosphate  buffered  saline  (PBS),
and PBS  + histidine.  The  results  show  that  both  copper  release  and  corrosion  are  enhanced  in DMEM+,
DMEM,  and  PBS +  histidine  compared  with PBS  alone.  Speciation  results  show  that  essentially  no free
copper  ions are  present  in the  released  fraction  of Cu NPs  in  neither  DMEM+, DMEM  nor  histidine,  whileembrane damage
MEM
quilibrium modeling
V–vis spectroscopy
olarography
labile  Cu complexes  form  in  PBS.  The  Cu  NPs  were  substantially  more  membrane  reactive  in PBS  compared
to  the  other  media  and  the  NPs  caused  larger effects  compared  to the  same  mass  of  Cu ions.  Similarly,
the  Cu  NPs  caused  much  more  ROS  generation  compared  to  the  released  fraction  only.  Taken  together,
the  results  suggest  that membrane  damage  and  ROS  formation  are  stronger  induced  by  Cu  NPs  and  by
free or  labile  Cu  ions/complexes  compared  with  Cu  bound  to  biomolecules.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
The physico-chemical properties of nanoparticles (NPs), includ-
ng copper nanoparticles (Cu NPs), can be tailored and controlled
n the nanoscale by changing their characteristics, e.g., size, sur-
ace capping, or shape [1,2]. As a consequence, the use of Cu NPs
nd their areas of applications rapidly increase. This increasing
se demands for an improved understanding of potential adverse
ffects that may  be an inevitable consequence of their interac-
ions and transformations in biologically relevant settings. Such
undamental mechanistic knowledge is further essential from a
uman health and environmental risk perspective [3]. Adverse
ffects induced by the dispersion of Cu NPs have for example been
hown on both human cells and on the environment [4,5].
∗ Corresponding author.
E-mail address: jhed@kth.se (J. Hedberg).
ttp://dx.doi.org/10.1016/j.colsurfb.2016.01.052
927-7765/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
Cu-containing NPs can induce toxicity via several different
mechanisms [6–8], creating a situation more complicated com-
pared with, e.g.,  aqueous Cu species [9]. In addition to the particle
effect, the chemical speciation of Cu species in solution (e.g.,
released from Cu NPs) has been shown to signiﬁcantly inﬂuence the
observed toxicity. Free Cu ions and labile Cu complexes have been
shown more potent compared with more strongly bound Cu com-
plexes [10–13]. An additional mechanism that enhances the toxic
effect of Cu NPs [6,14,15] is via the formation of reactive oxygen
species (ROS) via electrochemical (oxidation) reactions [16,17], cat-
alytic surface reactions [15,18] or via Fenton reactions of aqueous
Cu species released from Cu NPs [19–21]. An important distinc-
tion between NPs of Cu oxides and Cu metal is hence the ability of
Cu NPs to corrode forming ROS as intermediate products (cathodic
reactions) [17,22]. Cell uptake of Cu-containing NPs can in addi-
tion induce damage through ROS production and via released Cu
species within the cell (often denoted the Trojan horse-mechanism)
[23,24].
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Some investigations have identiﬁed released Cu species as the
ain reason for observed toxicity of Cu NPs, [25,26] whereas other
tudies have concluded such species to be of minor importance
18,27,28]. These observations may  not be in direct conﬂict with
ach other, as both ﬂuid speciﬁcs and loading (mass Cu/volume)
ill largely inﬂuence the speciation and amount of released Cu,
nd hence, their individual importance. Despite the signiﬁcance
f the chemical speciation of released Cu on the observed toxic
esponse, detailed understanding of this matter is mostly lacking
n commonly used cell media, such as the Dulbecco’s Modiﬁed Eagle
edium (DMEM).
This paper aims to ﬁll this evident knowledge gap by: (i) pro-
iding chemical speciation information on Cu released from Cu
Ps at extracellular conditions (in cell media—DMEM), (ii) deduc-
ng the correlation between chemical speciation of released Cu
possible labile Cu species) and membrane damage, ROS pro-
uction, and corrosion of Cu NPs, and (iii) suggesting a model
hat elucidates Cu NPs-induced membrane damage in dependence
f chemical speciation of released Cu in media of different Cu
omplexation capacity. A multi-analytical approach using polarog-
aphy, UV–vis spectroscopy, and chemical equilibrium modeling
JESS, Joint Expert speciation system) has been employed to gain
nsight on the chemical speciation of Cu released from Cu NPs.
xperimental studies have been performed in DMEM+ (DMEM with
dded fetal bovine serum (FBS), penicillin, streptomycin, and pyru-
ate) to investigate the inﬂuence of protein-containing serum on
he Cu speciation. Histidine solutions were selected as this amino
cid has been reported to induce more Cu release from CuO NPs
ompared with other amino acids [21]. Phosphate buffered saline
PBS), a medium without any biomolecule constituents, was  inves-
igated for comparative reasons. In parallel, the membrane integrity
Trypan blue assay) of A549 (type II) lung cells was  investigated
ollowing exposures to Cu NPs or Cu ions (from Cu(NO3)2), and the
roduction of acellular ROS was monitored using the dichlorodihy-
roﬂuorescin diacetate (DCFH-DA) assay.
A previous investigation speculates that the reason for the
igher cell membrane damage observed for Cu NPs compared
ith NPs of CuO is related to corrosion reactions taking place
t the surface of the Cu NPs [16]. The corrosion behavior of the
u NPs was therefore investigated using a carbon paste electrode
CPE) [29], monitoring the open circuit potential (OCP) to provide
dditional insights on the correlation between corrosion, induced
oxicity, and the release of Cu species. It is, to the knowledge of the
uthors, the ﬁrst time that CPE has been used in nanotoxicological
nvestigations.
. Materials and methods
.1. Solutions and chemicals
DMEM (Dulbecco’s modiﬁed eagle medium) was purchased
rom Life Technologies (Sweden, Lot# 1644395). For DMEM+,
0 vol.% of fetal bovine serum (Gibco®, Life Technologies, Lot#
7F2235 K), 1 mM sodium puryvate (Life Technologies), 100
nits/mL penicillin and 100 g/mL streptomycin (Pen Strep, Gibco®
ife Technologies) were added to DMEM.  The pH was set at 7.4 ± 0.1,
djusted by adding appropriate amounts of 5 vol.% NaOH, when
ecessary.
Histidine (l-histidine monohydrochloride monohydrate, puriss
.a.) and copper nitrate (Cu(NO3)2, puriss p.a.) were obtained from
igma–Aldrich, Sweden.Phosphate buffered saline (PBS, pH 7.4) was prepared by mix-
ng 8.77 g/L NaCl, 1.28 g/L Na2HPO4, 1.36 g/L KH2PO4, 370 L/L 50%
aOH, pH 7.2–7.4 (all chemicals of analytical grade, Sigma–Aldrich,
weden) in ultrapure water (18.2 M cm,  Millipore, Sweden). Biointerfaces 141 (2016) 291–300
All solution vessels were acid-cleaned in 10% HNO3 for at least
24 h, and thereafter rinsed four times with ultrapure water.
2.2. Compositional analysis of the surface oxide
A Horiba Yvon Jobin HR800 Raman spectrometer was employed
to study the surface oxide composition of the Cu NPs using a laser
wavelength of 785 nm and a 50× objective. The laser beam was
focused softly on a particle layer of Cu NPs to avoid beam dam-
age. The layer was checked by optical microscopy before and after
the measurements to assure no laser-induced damage. Three dif-
ferent areas (each with a diameter of approximately 10 m) were
investigated.
2.3. Particle size measurements
Particle size distribution measurements in solution were per-
formed with a photon cross correlation spectroscopy instrument
(Nanophox, Sympatec GmbH, Germany). The sample volume was
1 mL.  All measurements were conducted at room temperature
(20 ± 2 ◦C) in Eppendorf cuvettes (Eppendorf AG, Germany, UVette
Routine pack, LOT no. C153896Q). A non-negative least square
(NNLS) algorithm with a robust ﬁlter was used to obtain the
intensity-weighed size distributions from the correlation functions.
The sample solutions were prepared by adding 1 mg Cu NPs to
10 mL  DMEM+, where after the particle dispersion was  sonicated
for 3 min  (Branson Soniﬁer 250, 30% duty cycle, output 4).
2.4. Zeta potential
The zeta potential (apparent surface charge) of the Cu NPs was
studied using a Malvern Zetasizer nano Z instrument. The sam-
ple solutions were prepared by adding 1 mg  Cu NPs to 10 mL NaCl
(10 mM). The particle solution was  there after sonicated for 3 min
(Branson Soniﬁer 250, 30% duty cycle, output 4). The Smoluchowski
approximation was used to calculate the zeta potential from the
electrophoretic mobility of the particles in solution. A representa-
tive intensity distribution curve is given in Supporting information
(Fig. S1).
2.5. Copper nanoparticles
Cu NPs, produced via wire explosion [30] were kindly provided
by Ass. Prof. A. Yu. Godymchuk, Tomsk Polytechnic University, Rus-
sia. Detailed information on the particle characteristics is published
elsewhere [16,28]. Brieﬂy, the primary particle size is in the order
of 50–200 nm and the surface oxide consists of a mixture of Cu2O
and CuO. These and additional characteristics are compiled in Fig. 1.
2.6. Copper nanoparticle exposures
5 mg  Cu NPs were loaded into 50 mL  solution and exposed at
dark conditions at 37 ◦C for different time periods in a Stuart S180
incubator at bilinear shaking conditions (12◦, 25 cycles/min). Trip-
licate samples and one blank sample without added Cu NPs were
exposed. Directly after exposure, the samples were acidiﬁed to pH
2 using 65% HNO3.
Ultracentrifugation (RCF 52900 g, Beckman Optima L-90K, SW-
28 rotor) was  employed for 1 h to separate the particle and the
aqueous (released metals in solution) Cu-fractions. This procedure
should remove all NPs sized approx. >20 nm from solution [31],
which is larger than the primary size of the studied NPs [16]. A cen-
trifugation time of 1 h exceeds the nominal exposure time, which
means that some of the NPs were in solution and released Cu for a
longer time period.
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(1)ig. 1. Selected physico-chemical properties of the Cu NPs investigated in this stu
MEM+.
Investigations were performed to investigate if also Cu–protein
ound species (present in FBS) could be removed by the centrifuga-
ion procedure as this would underestimate the amount of aqueous
u. The same approach with similar loadings and exposure condi-
ions as described above was therefore performed with Cu2+ ions
added as Cu(NO3)2) in DMEM+. These tests showed no loss of Cu
uring the centrifugation process, thus no removal of Cu–protein
ound species.
.7. Copper concentration determination
Measurements of released Cu concentrations in solution
ere determined by means of atomic absorption spectroscopy
PerkinElmer AAnalyst 800 instrument in ﬂame mode) using cali-
ration standards at 0, 3, 10, 20, and 30 mg/L. Samples spiked with
nown amounts of Cu resulted in acceptable recoveries for all solu-
ions and AAS methods (80–110%). The calibration curve was in
ll solutions linear to approximately 10 mg/L, with a deviation of
pproximately 10% at 30 mg/L (based on linear extrapolation from
his 10 mg/L). The limit of detection (LOD) for the different solu-
ions was estimated to 0.06 mg/L, the limit of identiﬁcation (LOI)
as 0.12 mg/L, and the limit of quantiﬁcation (LOQ) was 0.18 mg/L,
ased on the method by Vogelgesang et al. [32].Blank solutions (no Cu NPs) were measured for all experiments.
alibrations standards were measured regularly (every 6th sample)
o detect possible calibration drifts. Recalibration was  performed if
 drift >5% was identiﬁed.leased Cu from Cu NPs is complexed to ligands in PBS, PBS + histidine, DMEM,  and
2.8. Contributing processes to released copper
The released amount of Cu in solution measured by means of
AAS (CuAAS) originates from several different processes [33] (wear
excluded at given conditions) as described in Eqs. (1) and (2):
CuAAS = Cucorrosion + Cuoxide dissolution + Cubackground − Cuprecipitation
Curelease = Cucorrosion + Cuoxide dissolution (2)
Corrosion-induced release of Cu (Cucorrosion) is caused by
Cu oxidation, usually a result of a defective or non-passive
(ion-conductive) surface oxide. The chemical or electrochemical
dissolution of the surface oxide (Cuoxide dissolution) also result in the
release of Cu. This process can be caused by protonation, reduc-
tive or oxidative dissolution of the surface oxide, or ligand-induced
(complexation-induced) dissolution of the surface oxide, processes
that all are adsorption-controlled and pH- and species-dependent
[33]. The background concentration of Cu (Cubackground) is caused
by contamination from chemicals, the equipment, or the air, and
is usually in levels close to the detection limit as long as adequate
cleaning procedures have been used. In this study, the background
concentration was determined from parallel blank measurements.
Released Cu that had precipitated (Cuprecipitation) and been cen-
trifuged from the solution after exposure, or precipitated during
exposure, was not measured by AAS.
Measured background concentrations in the blank solutions
(if >0 mg/L) were subtracted from the measured concentrations
from samples exposed to the Cu NPs. In this study, all sample
2 ces B:
c
R
t
2
e
(
p
n
g
w
v
A
[
2
u
s
<
w
2
e
p
t
t
t
d
p
w
e
w
0
a
ﬁ
o
C
c
0
c
(
w
w
s
s
c
T
l
2
f
o
(94 J. Hedberg et al. / Colloids and Surfa
oncentrations signiﬁcantly exceeded the blank concentrations.
elease data presented in this study is hence calculated according
o Eq. (3) and presented as mean values of triplicate samples.
CuAAS
(
mg/L
)
− Cubackground
(
mg/L
)
× Volume (L)
added NP mass (mg)
(3)
.9. Electrochemical investigations
A carbon paste electrode (CPE) using graphite powder was
mployed for the electrochemical investigation using a Ag/AgCl
saturated KCl) reference electrode (Radiometer, Sweden) and a
latinum wire as counter electrode. The working electrode (con-
ected to the platinum wire) was made up of approximately 100 mg
raphite powder mixed with 1.1 mg  Cu NPs. The graphite powder
as purchased from Alfa Aesar (99.9995% metal basis). The solution
olume was approximately 3 mL  and the pH was set to 7.4 ± 0.1.
dditional details of the experimental setup are given elsewhere
34].
.10. Statistical analysis
The double-sided Student’s t-test was used (unequal variance,
npaired samples) to investigate signiﬁcant differences in mea-
ured Cu concentrations between different samples. The p-value
0.05 was used as an estimate to determine whether the samples
ere signiﬁcantly different from each other or not.
.11. Speciation of released Cu species
The speciation of released Cu from the Cu NPs in the differ-
nt media was determined using a Metrohm 797 VA Computrace
olarographic instrument. An Ag/AgCl (3 M KCl) reference elec-
rode and a platinum reference counter electrode were used
ogether with a hanging mercury electrode as the working elec-
rode. Solutions with released Cu from the Cu NPs were frozen
irectly after exposure, and thawed immediately before the
olarography investigations. Prior to measurements, the solutions
ere degassed for 10 min  with argon gas.
Differential pulse cathodic stripping voltammetry was  then
mployed, with an accumulation time of 20 s at 0.1 V. Stripping
as performed from 0.1 V to −1.2 V vs. Ag/AgCl, with a scan rate of
.012 V/s, a voltage step time of 0.5 s, a voltage step of 0.0059 V, and
 pulse time of 0.04 s. In this way, different Cu species can be identi-
ed at different stripping voltage positions. To quantify the amount
f Cu species in solution, standard addition of Cu2+ ions (added as
u(NO3)2) was performed three times to each sample. Two repli-
as were investigated for each addition. The detection limit was
.5 g/L and the determination limit 2 g/L [32].
In addition, UV–vis spectroscopy was used to study the spe-
iation of released Cu-species in solution using a JASCO V-630
Easton, USA) instrument. A scan rate of 1000 nm/min, a band-
idth of 1.5 nm,  and Plastibrand cuvettes (Wertheim, Germany)
ith cell lengths of 10 mm were used. A calibration curve was con-
tructed using a Cu standard (1 g/L, PerkinElmer, Sweden) in the
tudied solutions to quantify the UV–vis results. The calibration
urve was linear in the investigated concentration range (R2 = 0.99).
he detection limit was estimated to 1 mg/L, and the determination
imit was 3 mg/L [32].
.12. Chemical equilibrium modelingThe Joint Expert Speciation Software (JESS, version 8.3) was used
or chemical equilibrium calculations [35,36]. The redox potential
f the different solutions, measured with an Inlab redox electrode
Mettler Toledo, Sweden) and calibrated using standard solutions Biointerfaces 141 (2016) 291–300
from Thermo Scientiﬁc, Sweden (Lot # 967961), varied between
260 and 360 mV  (vs. Ag/AgCl). As the chemical speciation modeling
results were not largely affected by differences in redox poten-
tial for this interval, a potential of 305 mV  was  selected for all
predictions.
For predictions in PBS, input data on the free concentrations
of the components of the respective medium were the same as in
the release and cell experiments. In the case of DMEM,  a few com-
ponents (choline, pantothenate, niacinamide, inositol) were not
available in the JESS database, and hence not included in the calcu-
lations. All other input data for the modeling are presented in Tables
S4 (Supporting information) together with the free concentrations
of the solution components.
2.13. Measurements of reactive oxygen species
The 2′,7′-dichloroﬂuorescein diacetate (DCFH-DA) assay was
used to measure acellular ROS production. In brief, sodium hydrox-
ide (0.01 M)  was added to DCFH-DA to cleave the DA from the
DCFH after which the reaction was  stopped by the addition of PBS.
This solution was then incubated with Cu NPs in particle concen-
trations of 50 and 100 g/mL (prepared as described below) and
15 M DCFH for 30 min. Fluorescence (excitation 485 nm,  emis-
sion 535 nm)  was then recorded using a plate reader (VICTOR3V
1420 Multilabel counter, Perkin Elmer). To prepare solutions of
the released Cu fraction, the diluted particle suspensions were
incubated for 2 h at 37 ◦C (brieﬂy mixed two times during the incu-
bation) followed by centrifugation at a RCF of 16060 g for 15 min.
2.14. Cell membrane damage
A549 type II epithelial cell lines (obtained from the American
Type Culture Collection) were grown in DMEM supplemented with
10% fetal bovine serum in a humidiﬁed atmosphere at 37 ◦C and
5% CO2. The cells were seeded in 24-well plates the day before
the experiment (see image in Fig. S2). Immediately before expo-
sure, a stock suspension (1 mg/mL) of Cu NPs (or Cu ions—from
Cu(NO3)2) was  prepared in de-ionized water and sonicated for
15 min  in a water bath. The stock suspension was then diluted
to the ﬁnal particle concentration in the various solutions (PBS,
PBS + histidine, DMEM and DMEM+). The cells were exposed to a
ﬁnal volume of 0.5 mL in the 24-well plates. Cell membrane damage
was then assessed using Trypan blue staining. In this method, com-
promised cell membranes are stained blue whereas cells with intact
cell membranes are not. The percentage of stained cells is analyzed
microscopically. This robust procedure is described in detail else-
where [28]. The choice of this method is based on ﬁndings from
our previous study [16] in which different methods for analyzing
membrane damage were investigated. This study concluded e.g.,
that the commonly used LDH-assay was not appropriate to use due
to particle-assay interactions.
3. Results and discussion
3.1. Particle characteristics
Selected characteristics of the Cu NPs are schematically com-
piled in Fig. 1. The surface oxide has a thickness in the order
of 10–30 nm,  consisting of Cu2O and CuO. The primary particle
size is in the range between 50 and 200 nm [16]. Dynamic light
scattering (DLS) measurements revealed hydrodynamic particle
sizes in the order of 300 nm after 1 h immersion in DMEM+ (ionic
strength of 130 mM),  and evident particle agglomeration with time.
When compared to a non-biomolecule containing medium of lower
ionic strength (10 mM NaCl), particle agglomeration was  even
more pronounced. This reﬂects the stabilizing effect of adsorbed
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iomolecules onto the Cu NPs in DMEM+. More information, e.g.,
etailed TEM images, is given elsewhere [16,28].
.2. The release kinetics of Cu from Cu NPs are linked to both
xide dissolution and corrosion
Fig. 2a depicts the kinetics of aqueous Cu species released from
u NPs in DMEM+, DMEM,  PBS + histidine, and PBS. Corresponding
ime-dependent changes in OCP (open circuit potential) of the Cu
Ps are displayed in Fig. 2b for each case. The amount of released
u in solution is higher in the media containing amino acids and/or
roteins compared with PBS. These ﬁndings are in agreement with
revious investigations [21,28]. The presence of histidine in solu-
ion has previously been shown to enhance the release of Cu from
uO NPs more than other amino acids [21]. This enhancement is
ikely related to its capability of forming stable complexes with Cu
37].
ig. 2. (a) Kinetics of total aqueous Cu released from Cu NPs in PBS + histidine, DMEM, D
rom  three independent samples. The inset magniﬁes the low amount of aqueous Cu obs
MEM+ as deduced by CPE. Error bars represent one standard deviation from at least two
ig. 3. (a) UV–vis spectra for released aqueous Cu species after 4 h exposure in 4 mM PB
.1  g/L, and the solutions were centrifuged to separate particles and aqueous species. The
 reference. The spectra have been offset for clarity and dotted lines have been added as
he  shift vs.  the free Cu2+ band, and also as absolute positions. Error bars represent one st Biointerfaces 141 (2016) 291–300 295
The OCP of the Cu NPs starts at a potential (approx. 0.1 V vs.
Ag/AgCl sat. KCl) close to what is expected for CuO (see Supporting
information, Fig. S3) and is reduced during the ﬁrst hours of immer-
sion in DMEM+ and PBS + histidine to a level of approximately −0.07
to −0.1 V (vs. Ag/AgCl). This potential range coincides with the
expected potential for Cu metal at pH 7.4 [38]. Cu as particles or the
size of the Cu NPs (>100 nm)  are not expected to signiﬁcantly inﬂu-
ence the OCP levels in comparison with bulk Cu [39]. The observed
drop in OCP hence indicates that the surface oxide of the Cu NPs
undergoes dissolution in DMEM+ and PBS + histidine, resulting in
particles that are less protected by the surface oxide (reduced pas-
sivity) and that corrode at a relatively constant rate after a few hours
(2–7 h). A similar drop in OCP has also been observed for stainless
steel upon addition of bovine serum albumin (BSA) [40]. This drop
was correlated with an increased amount of released metals and
explained by a de-stabilizing effect of the surface oxide induced
by BSA [40]. The hypothesis of oxide dissolution during the ﬁrst
MEM+ and PBS, as measured by AAS. Error bars represent one standard deviation
erved in PBS. (b) Time-dependent changes in OCP for Cu NPs in PBS, Histidine and
 independent samples.
S + histidine, DMEM,  and DMEM+, respectively. The exposed Cu NP loadings were
 spectrum for free Cu2+, added as Cu(NO3)2, in MES  buffer (5 mM MES) is shown as
 a guide for the band positions. (b) Band positions in the different media shown as
andard deviation, derived from three independent samples.
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plexes, which are not possible to observe by means of polarography.
Their possible formation is discussed below.
Chemical equilibrium modeling (JESS) were performed to pre-
dict the relative distribution of different Cu species in the different
Fig. 4. Peak positions of Cu species released from Cu NPs (10 min, 4 h, and 24 h
exposure in PBS, 4 mM PBS + histidine, DMEM, and DMEM+. Peak positions in MES
buffer (5 mM MES) with added Cu(NO3)2 (1 mg/L) are shown for comparison. Error
bars represent one standard deviation from three independent samples.
Fig. 5. Summary of quantiﬁcation results from AAS, UV–vis, and cathodic strip-
ping voltammetry of released Cu species from Cu NPs exposed for 4 h in PBS,
PBS + histidine, DMEM and DMEM+, respectively. The total amount of added Cu (as96 J. Hedberg et al. / Colloids and Surfa
ours of exposure is further supported by ﬁndings of this study, as
easured amounts of released Cu in solution from the Cu NPs dur-
ng the ﬁrst hours of exposure in PBS + histidine and DMEM+ were
n the same order of magnitude as would be the case given com-
lete dissolution of the surface oxide (Fig. S4). It is expected that
he biomolecules in PBS + histidine, DMEM,  and DMEM+ solutions
nteract and adsorb onto the Cu NPs [6,41–43]. Hence, enhanced
mounts of released Cu in solution and the parallel drop in OCP
n solutions containing biomolecules indicate that the adsorbed
iomolecules (the protein corona) assist in activating the surface,
.g., via ligand exchange reactions [21,43]. Since the OCP is inﬂu-
nced by (i) oxide dissolution, (ii) adsorbed species, and (iii) copper
orrosion, we cannot determine whether the oxide is completely or
lmost completely dissolved after the ﬁrst hours of exposure. This
s followed by relatively constant corrosion rates, also indicated by
he continuous copper release, (Fig. 2a).
A correlation between the OCP and the release of Cu was also
vident in PBS, though less pronounced. This is seen as a small drop
n OCP and very low amounts of released Cu. The largest changes in
CP and Cu release took place within the ﬁrst minutes of exposure.
.3. Released Cu from Cu NPs forms complexes with ligands
resent in PBS, PBS + histidine, DMEM,  and DMEM+
UV–vis spectra of the different solutions with different
mounts of released Cu (Cu NPs separated) are displayed in
ig. 3. A spectrum of free Cu ions (Cu2+) in MES  buffer (2-
N-morpholino)ethanesulfonic acid), which is a non-Cu binding
edium [44], is included for comparison. Shifts in band positions
blue-shifts) compared to the band position of free Cu2+ ions (MES
uffer) in the biomolecule-containing solutions indicate complex-
tion between Cu2+ and ligands in histidine + PBS, DMEM,  and
MEM+. The blue shift hence provides information on the type of
u-complexation [45]. Observed bands are displayed in Fig. 3a after
 h of exposure, in addition to observed band shifts in relation to
he peak of free Cu2+ ions for up to 24 h of exposure, (Fig. 3b). Due
o the low amounts of Cu released in PBS, no detectable band was
bserved in the UV–vis spectra for this solution.
From the band position at 637–642 nm,  it is concluded that
eleased Cu ions form complexes with histidine in the 4 mM
BS + histidine solution [37]. For DMEM,  which contains 13 differ-
nt amino acids, the band position is in the range between 610
nd 630 nm.  This position corresponds to complexes between Cu
ons and a variety of possible amino acids, e.g.,  lysine (620 nm)
45]. Cu–albumin complexes are in addition to Cu–amino acid
omplexes possible constituents in DMEM+, since the band of the
u–protein complexes, e.g.,  Cu–albumin, overlaps with the band
ositions of amino acid of BSA in the 530–620 nm region [46].
o signiﬁcant change with time in the release experiments was
bserved for the band positions of the differently formed Cu-
omplexes, (Fig. 3b). Moreover, no shifts in band positions were
bserved for equivalent additions of added free Cu2+ ions (as eas-
ly soluble Cu(NO3)2) compared with Cu released from the Cu NPs
data not shown).
Polarography (cathodic stripping voltammetry) was also
mployed to deduce the speciation of released Cu species. The peak
ositions of observed aqueous Cu species are presented in Fig. 4.
everal peaks were observed in the voltammograms generated in
MEM and DMEM+ (Fig. S5), indicative of different Cu-species in
olution. Peaks in the −0.05 to −0.4 V range indicate complexa-
ion of Cu to amino acids, including Cu–histidine [37]. Both amino
cids and proteins are expected to contribute with peaks in the
0.5 to −0.95 V range [47–49]. Peaks corresponding to Cu–cystine
50] and Cu–albumin [49] species have for instance been reported
n this potential range. However, the overlap between possible Cu
pecies of the many constituents in DMEM and DMEM+ hinders any Biointerfaces 141 (2016) 291–300
detailed assignment of the peaks. Similar to the UV–vis ﬁndings, no
peaks were assigned to free Cu ions (Cu2+) in the media containing
biomolecules as compared with reference measurements in MES
buffer. The observed peak position was  in PBS though very close to
observations in MES, which then tentatively was  assigned as a labile
Cu–phosphate complex. This observation implies that released Cu
from Cu NPs forms labile complexes in PBS compared with more
strongly bound complexes formed in the biomolecule-containing
media.
Species identiﬁed in the UV–vis and polarography measure-
ments were quantiﬁed. The total concentration of observed Cu
species after 4 h of immersion was not signiﬁcantly different
(p > 0.05) for any of the time periods for the total amount of released
amount of Cu in solution determined by means of AAS (Fig. 5). This
supports the conclusion of complete complexation of released Cu
into solution from the Cu NPs with ligands in the biomolecule-
containing media. The same results were observed after 10 min
and 24 h of immersion, see Fig. S6 (supporting information). The
amount of Cu in PBS, quantiﬁed by means of polarography, was sig-
niﬁcantly lower than measured with AAS. This difference is likely
due to the formation of non-electroactive Cu–phosphate com-Cu NPs) was 0.1 g/L. Error bars represent one standard deviation of three indepen-
dent samples. The inset shows a magniﬁcation of aqueous Cu species in PBS. DMEM+
was excluded in the polarography quantiﬁcation as the response was  not linear to
added Cu. This can be attributed to e.g.,  the lack of electro activity of some of the
Cu–albumin complexes formed [54].
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Fig. 6. (a) Membrane damage analyzed using Trypan blue staining as a result of A549 cell exposure to Cu NPs in PBS, PBS + histidine, DMEM and DMEM+. The total added
amount of Cu (as Cu NPs) was 25 g/mL. The membrane damage was  assessed after 2 h exposure. Asterisks (*) indicate signiﬁcant differences (p < 0.05) for each solution.
Error  bars indicate the standard deviation from two  independent experiments. (b) ROS production (after 30 min incubation in DCHF-DA) for the released Cu fraction only
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CHF-DA. For the release fraction only, the NPs were removed by centrifugation b
etween the released fraction and the Cu NPs.
edia based on the total amount of released Cu in solution, as deter-
ined by means of AAS after 10 min, 4 h, and 24 h of exposure (see
ables S1–S3). The JESS modeling results show that the formation
f a single Cu–histidine complex was prevalent in PBS + histidine,
hile an array of different Cu–amino acid complexes were possible
onstituents in DMEM.  The JESS modeling results thus support the
xperimental ﬁndings of UV–vis and polarography, and are qual-
tatively in agreement with reported predictions of Cu speciation
n blood plasma [35]. The modeling furthermore shows (Table S3)
hat labile Cu–phosphate complexes are expected to form in PBS.
owever, the amount of Cu in PBS is close to saturation (see Fig.
7). These results are in line with the results from AAS that show
 reduced amount of Cu in solution over time, indicative of slow
recipitation of formed complexes (Fig. 2a). Precipitation of com-
lexes is further corroborated by ﬁndings with polarography, as the
echnique is only able to detect electro-active species (not solid
u–phosphate). These analyses revealed lower concentrations of
 Cu–phosphate complex in solution compared with the total Cu
oncentration, as measured by means of AAS (Fig. 5).
No speciation predictions were performed for the DMEM+
edium as the JESS model is currently only able to consider low
eight biomolecules, not proteins [35]. However, it is anticipated
hat the speciation distribution of Cu is similar to the predictions
ade in DMEM,  with the addition of complexes between protein
nd Cu as e.g., BSA is known to form complexes with Cu [51].ls. The Cu NPs were exposed for 2 h in their respective medium before introducing
 introducing DCFH-DA. The asterisk (*) indicates a signiﬁcant difference (p < 0.05)
Predictions of the fraction of free Cu2+ ions compared with the
total concentration of Cu released into DMEM are depicted in Fig.
S8. The results are comparable with background concentrations of
free Cu2+ ions in blood plasma, <10−11 M [52].
In all, it has been shown that released Cu from Cu NPs into the
biomolecule-containing media (DMEM, DMEM+, PBS + histidine)
does not exist as free Cu2+ ions but forms essentially completely
strongly bonded complexes with different biomolecules: (i) Cu is
bound to histidine in PBS + histidine, mostly as 2:1 histidine–Cu
complexes; (ii) to amino acids in DMEM (partially to sulfur groups
in amino acids, mostly bound as 2:1 amino acid:Cu-complexes);
and (iii) to amino acids and proteins (most probably albumin) in
DMEM+. In PBS, the non-biomolecule containing ﬂuid, some labile
Cu-complexes form in addition to a non-soluble Cu–phosphate
complex that readily precipitates with time. This means that the
total released amount of Cu in PBS is higher than what is measured
in solution, c.f.,  Eq. (1).
3.4. The formation of Cu–biomolecule complexes in solution
strongly reduces the cell membrane damage induced by the
released fraction of Cu species compared with free Cu ionsThe cell membrane integrity of A549 cells in PBS, PBS + histidine,
DMEM,  and DMEM+ (Fig. 6a), were investigated using the Trypan
blue assay to deduce the role of solution composition, specia-
tion of released Cu in solution and Cu NPs (25 g/mL). Equivalent
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and DMEM+) was  instead linked to corrosion reactions takingig. 7. A proposed model of Cu NP-induced membrane damage in media with
DMEM+, DMEM,  PBS + histidine) and without biomolecules (PBS).
olar amounts of added Cu2+ ions (from easily soluble Cu(NO3)2)
ere included for comparison. Additional data for a higher par-
icle concentration (50 g/mL) is provided in Fig. S9 (Supporting
nformation). The results clearly show that massive cell membrane
amage (>90%) was induced when cells were exposed in PBS, both
or Cu NPs (which include Cu NPs and released labile Cu-complexes)
nd for added free Cu2+ ions. In the biomolecule-media, the mem-
rane damage was reduced both for added Cu2+ ions and for the Cu
Ps, compared with observations in PBS (Fig. 6a).
The extent of ROS production was investigated using the DCFH-
A method, for Cu NPs and the released Cu fraction, and for the
eleased Cu fraction only (i.e., Cu NPs diluted in the solution speci-
ed, incubated for 2 h in 37 ◦C and then centrifuged to remove the
Ps). This was achieved via exposures at cell-free conditions in PBS,
BS + histidine, DMEM,  and DMEM+, Fig. 6b. ROS generation by the
u NPs (including contribution from the released fraction as well
s from the Cu NPs) was observed in all investigated ﬂuids (Fig. 6b).
owever, in contrast to the membrane damage, the addition of the
iomolecules led to higher levels of ROS formation. When compar-
ng the Cu NPs and the released fraction it is obvious that the NPs
ere much more prone to generate ROS compared to the released
u fraction. Measurements of the generation of ROS over time were
lso performed for other particle concentrations, showing the same
rend (see Figs. S10 and S11).
Some of the authors have previously concluded that the released
ractions of Cu species from NPs of both Cu and CuO have a
inor, or non-signiﬁcant, effect compared with the NPs on the
bserved toxicity [16,28]. Similar observations with small effects
nduced by the released Cu fraction have been reported by oth-
rs [25,26,53]. Results of this study clearly show that the Cu
pecies of the released fraction did not induce any membrane dam-
ge in the biomolecule-containing media due to the formation of
u–biomolecule complexes and very low concentrations of free
u2+ ions, whereas a small effect was observed in the presence of
he Cu NPs. For added Cu2+ ions (from easily soluble Cu(NO3)2) to
he biomolecule-containing media, rapid complexation of the Cu2+
ons explains the low membrane integrity damage observed. As a
onsequence of complexation of Cu2+ ions, the ROS production was
educed (Fig. 6b) [21,54].
A model of Cu NP-induced membrane damage is proposed in
ig. 7 based on all generated results. Corrosion reactions taking
lace at the surface of Cu NPs have previously been suggested to
e linked to the extent of induced membrane damage in cell media
16,17]. We  can now corroborate this hypothesis by showing that
orrosion most likely takes place for the Cu NPs, seen in a drop Biointerfaces 141 (2016) 291–300
in OCP and enhanced release of Cu in the biomolecule-containing
media (Fig. 5). It is possible that the surface oxide of the Cu NPs
also contributes to the generation of ROS. However, the authors
have previously reported a higher production of ROS  from Cu NPs
(the same batch of particles as in this study) compared with NPs of
CuO [55]. This can be linked to the observation of a higher extent
of membrane damage and release of Cu into solution for Cu NPs
compared with CuO NPs [16]. It is furthermore suggested that the
surface oxide of the Cu NPs predominantly dissolves during the ﬁrst
few hours of immersion in biomolecule-containing media, from
which follows a negligible effect of the surface oxide beyond this
point in time (c.f., OCP results) after which the corrosion rate is
relatively constant. Corrosion reactions result in the production
of ROS as intermediate reaction products (Fig. 6b) [17,56,57] that
are known to induce cellular damage [14,58]. The interaction and
adsorption of solution ligands from the biological media onto the
oxidized surface of the Cu NPs are likely. However, their presence
does not seem to inhibit the formation of ROS to any signiﬁcant
degree. Adsorbed layers, or patches, of the adsorbed biomolecules
on the surface of the Cu NPs are hence not very dense and pro-
tective as ﬁndings reported by Shi et al. [57]. That study showed a
reduced ROS production, and lower ability of surface oxidation of
Cu NPs when using capping molecules to stabilize the particles in
solution. The study compared long alkane chains with molecules of
short carbon chain lengths (from mercaptocarboxylic acids).
Cellular uptake, rather than membrane interaction, has been
suggested to play a more important role for CuO NPs compared
with Cu NPs, which is likely related to the generally lower solubil-
ity of CuO NPs [23,55,59]. Therefore, future studies should include
release and speciation investigations in order to take into account
e.g., internalized Cu, and therefore also consider other pH condi-
tions and biological media (e.g., simulating lysosomal ﬂuids) than
investigated in this study.
When the lung cells were exposed to Cu NPs in PBS, high mem-
brane damage was induced by the Cu NPs in spite of their relatively
minor corrosion and measured release of Cu. The labile complexes
formed by released Cu in PBS are known to induce membrane dam-
age directly [58,60,61]. This is corroborated by ﬁndings of this study
with a high degree of induced membrane damage in PBS upon expo-
sure to easily soluble Cu salt (Fig. 6a). It can also be noted that
since the ROS levels were increased by the presence of Cu NPs in
PBS (Fig. 6b), ROS could also contribute to the membrane damage.
Precipitation of Cu-complexes can also play a role for the induced
toxicity in PBS, as at least a non-soluble Cu–phosphate compound
is likely to form (Figs. 5 and S7) that possibly may  interact with the
cells.
4. Conclusions
Speciation studies of Cu released from Cu NPs in biomolecule-
containing media, e.g., the commonly used cell medium DMEM,
showed essentially no free Cu2+ ions in solution (<10−11 M), as
released Cu was completely complexed to biomolecules. This
observation is valid up to a high investigated particle loading of
100 g/mL, effectively showing that the released fraction, includ-
ing effects of free Cu2+ ions, will not take any part for the membrane
damage induced by the Cu NPs (e.g., for the cell line A549 investi-
gated in this study up to 24 h of exposure). The complexation of
released Cu also inhibited ROS production. The membrane dam-
age in the biomolecule-containing media (PBS + histidine, DMEM,place at the surface of the Cu NPs that resulted in ROS formation.
Corrosion was accelerated by the destabilizing effect of the
biomolecules on the surface oxide, which dissolved during the ﬁrst
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ours in the biomolecule-containing media followed by relative
onstant corrosion rates.
The absence of biomolecules in PBS resulted in minor corro-
ion and ROS formation compared with corresponding effects in
edia containing biomolecules. Instead, released Cu from Cu NPs
n PBS (via corrosion or oxide dissolution processes) formed labile
u-complexes that were able to induce cellular damage directly.
he role of Cu–phosphate precipitates cannot be excluded.
The different mechanisms of induced membrane damage of Cu
Ps in PBS and biomolecule-containing media highlight the impor-
ant inﬂuence of the buffer and medium used in tests of Cu NP
oxicity.
In all, the beneﬁt of using corrosion and speciation investiga-
ions for understanding acutely induced membrane damage by Cu
Ps is highlighted. It is suggested that an array of techniques is used
n nanotoxicological studies, e.g., when screening NPs, to assess the
orrelation between particle properties and induced toxicity.
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